Rheological Behavior and Steam Gasification of Bio-slurry  by Sui, Haiqing et al.
1876-6102 © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
doi: 10.1016/j.egypro.2015.07.310 
 Energy Procedia  75 ( 2015 )  220 – 225 
ScienceDirect
 
The 7th International Conference on Applied Energy – ICAE2015 
Rheological Behavior and Steam Gasification of Bio-slurry 
Haiqing Suia, Xianhua Wanga, *, Hanping Chena 
aState Key Laboratory of Coal Combustion (Huazhong University of Science and Technology) 
1037 Luoyu Road, Wuhan 430074, China  
Abstract 
This paper provides a new approach for using the by-products of bio-oil and bio-char, which are derived from the 
biomass gas station in rural China. Bio-slurry was prepared by blending bio-oil with different concentrations of bio-
char (0-20 wt.%), and the production of hydrogen from steam gasification of bio-slurry was investigated. It is found 
that the bio-slurry fuels prepared from the carbonization products have better fuel properties including calorific value 
and stability in comparison to those prepared using fast pyrolysis products. The results demonstrate that the apparent 
viscosities of bio-slurry vary with bio-char contents (in the range of 0 to 20 wt.%) and temperature (from 7 oC to 50 
oC). In addition, the bio-slurry exhibits good stability. Steam gasification of bio-slurry can produce hydrogen-rich gas, 
and the high gas yields (especially for H2 and CO) are obtained at around 900 oC. 
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1. Introduction 
Biomass energy has an important significance for sustainable development[1]. However, biomass 
feedstock has characteristics such as wide dispersal, large size, high moisture, poor grindability, low bulk 
density and low energy density, which lead to high transportation costs and complex preprocessing. These 
feedstock characteristics result in low input-output energy ratios and limit the scale-up of some 
technologies [2, 3].  
Transportability and energy density could be enhanced by suspending bio-char in bio-oil to produce 
so-called bio-slurry fuel. Wu et al[2, 4], investigated the rheological and fuel properties, and economic 
viability of bio-slurry generated from fast pyrolysis of mallee wood and concluded that depending on the 
biochar suspension, the volumetric energy density of bio-slurry was up to 23.2 GJ/m3, which indicated 
that bio-slurry fuels have desired fuel and rheological properties to meet the requirements for combustion 
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and gasification applications. The crude bio-oil produced from fast pyrolysis has high water content (as 
high as 15 to 30 wt %), low heating value (LHV in the range of 1 MJ/kg to 18MJ/kg), and low pH values 
ranging from 2 to 4[5]. Thus, the crude bio-oil may not be the best option for bio-slurry preparation. In 
contrast, the bio-oil and bio-char derived from biomass carbonization process have different properties 
and could be potentially used for slurry preparation, and it may avoid the shortcomings of bio-oil derived 
from conventional fast pyrolysis. The bio-oil and bio-char were considered as the by-products from the 
rural centralized gas station because the station mainly produces gas for farmers to cook, however, this 
study proposes a novel approach to use these by-products. The purpose of this study was to determine the 
rheological behavior and fuel properties of bio-slurry prepared from biomass carbonization process.  
2. Experimental Section 
2.1.  Materials 
The bio-oil and bio-char used for the bio-slurry preparation were freshly produced from Tian-men 
(Hu-bei province, China) central gas station. Bio-char blocks were crushed into small patches prior to 
grinding to fine particles by laboratory grinder. The bio-char contents in bio-slurry ranged from 0 to 20 
wt.%. The slurries were blended by magnetic stirrer. 
The ultimate and proximate analysis of bio-oil, bio-char and the typical cotton stalk biomass are 
shown in Table 1. It should be noticed that the bio-oil properties are different from the bio-oil derived 
from fast pyrolysis due to the particular thermolysis process. From Table 1, it can be seen that the water 
content of bio-oil was 18.56 wt.% with volatile content of 65.88 wt.% and very low ash content, while ash 
and fixed carbon were concentrated in the bio-char. However, hydrogen content in bio-oil was about 5 
times higher than that in bio-char, because of the high content of carbonaceous organics and water in the 
liquid product. The lower heating value (LHV) of bio-char is 25.77 MJ/Kg, which is much higher than 
that of bio-oil due to its low moisture content. The sulfur and nitrogen contents in the liquids are 
relatively low and may have less detrimental environmental impact compared to fossil fuels.  
 
Table 1. Ultimate analysis and proximate analysis of samples 
Sample Proximate analysis (wt.%) Ultimate analysis (wt.%) LHV 
(MJ/kg) M V A FC C H O* N S 
Cotton stalkad 4.736 74.047 4.643 16.574 45.170 6.333 46.988 1.143 0.366 16.674 
Bio-oilar 18.556 65.883 0.011 15.549 65.206 6.339 26.549 1.318 0.588 10.425 
Bio-chard 1.210 17.393 8.701 72.696 58.220 1.416 39.894 0.401 0.069 25.771 
ad: air dred basis.  ar: as received basis. d: dry basis. O* : by difference. 
2.2. Bio-char particle size analysis 
The particle size of bio-char was measured using Laser Particle Sizer Master Min from the company 
of MALVERN (British).  
2.3.  Characterization of Bio-slurry 
The stability of bio-slurry was measured by a standard method used for coal/water slurry[6]. First the 
bio-slurry sample (50 ml) was kept in a sealed container for 15 days at laboratory temperature (20 oC), 
then the bio-slurry was poured into another beaker and slanted for 30s, finally turned upright for 4 min to 
let the bio-slurry fall by gravity into the beaker. The rest mass of the bio-slurry in the container was 
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measured, and the stability of the bio-slurry was calculated by the formula: SS bio-slurry = (1-Mr/Mi) * 100  
(1). Where SS bio-slurry is the bio-slurry static stability (%), and Mi is the initial mass of the bio-slurry (g), 
Mr is the residual mass of the bio-slurry in the container after pouring. A blank sample without bio-char 
was used for comparison. 
The viscosity of bio-slurry was measured by NDJ-5S digital rotary viscometer and electro-
thermostatic water cabinet.  
2.4. Steam gasification of bio-slurry 
Steam was generated by a simple apparatus consisting of electric furnace and syringe pump. The 
water flow rate was controlled by the syringe pump. The reactions were performed at atmospheric 
pressure with a temperature ranging from 700 oC to 900 oC. Water was injected by syringe pump into the 
electric furnace and evaporated immediately, then was carried into the reactor by nitrogen (carrier gas) at 
a flow rate of 100 mL/min. In this study, the reaction time was fixed at 30 min for each experiment. The 
gases were cleaned, dried, and sampled every 3 min into gas bags for further analysis to determine the 
effect of residence time on gas composition. The gas components were analyzed using a gas 
chromatograph (Agilent 3000A GC system) . 
3. Results and Discussion 
3.1. Bio-char particle size distribution 
The particle size distribution reported for water-coal slurry showed that, 80% fine coal particle was 
below 75 μm [7-11] for the most effective slurries. Bio-chars were ground to achieve the particle size 
distributions as shown in figure 1. The particle size distribution of bio-char ranged from 0.45 μm to 
178.25 μm and showed a bimodal distribution. The first minor peak was centered around 10 μm while the 
major peak was around 70 μm to 80 μm. The particles with size below 75 μm accounted for 76 %, which 
met the optimal requirement for coal/water slurries.  
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Figure 1. Particle size distribution of ground bio-char 
3.2.  Rheological property of Bio-slurry 
As shown in figure 2 (a), the apparent viscosity and static stability of bio-slurry are as a function of 
bio-char concentration in the range of 0 to 20 wt.% at 20 oC. The static stability of bio-slurry decreased 
from 98.2 % to 74.3 % with increasing bio-char concentration, however, all samples exhibited good 
stability on the basis of the static stability standard (˚70 %) of coal water slurry[12]. The viscosity of 
bio-slurry increased with the bio-char content increasing from 0 to 20 wt.%, and the bio-slurry viscosity 
was 1525 mPa.s at 20 oC with 20 wt.% of bio-char, which was in the range of the atomized viscosity level. 
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According to fitted curves of viscosity-char concentration behavior, the limit of the highest viscosity of 
2000 mPa.s resulted from char loading concentration of 22.7 wt.%.     
The apparent viscosities for bio-slurry blended with 20 wt.% bio-char were measured between 7 oC to 
50 oC and the results are presented in figure 2 (b). Bio-oil viscosity decreased rapidly from 7 oC to 20 oC, 
and then decreased slowly as the temperature increased to 50 oC. The viscosity of bio-oil was 1393 mPa.s 
at 7 oC but decreased to around 40 mPa.s at 50 oC. In comparison to coal/water slurry, the recommended 
viscosity is below 2000 mPa.s[13]. Therefore, increased temperature can reduce cost for bio-slurry 
transportation and enable more bio-char blending into bio-oil, however, heating will increase the cost of 
bio-slurry production and therefore a suitable temperature is needed to be chosen for the balance of 
transportability and cost. 
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Figure 2. The static stability and viscosity-temperature behaviors of bio-slurry 
3.3. Steam gasification of bio-slurry 
Reaction temperature of gasification is one of most important parameters, which has a critical 
influence on the gas composition and carbon conversion throughout the reactions. The temperature was 
varied from 700 oC to 900 oC with the steam and nitrogen flow rate at 0.5 mL/min and 100 mL/min, 
respectively. Gas compositions of CH4, H2, CO and CO2 for the gasification of bio-slurry are presented in 
figure 3. It can be seen from figure 3(a) that the H2 concentration increased from 56.57 vol.% to 67.38 
vol.% with the temperature increasing from 700 oC to 800 oC, then decreased as the temperature rose to 
900 oC. CO concentration decreased from 22.16 vol.% to 16.73 vol.% when the temperature was 
increased from 700 oC to 800 oC, while there was only a slight increase to 21.65 vol.% at the temperature 
of 900 oC. CH4 concentration was reduced from 16.41 vol.% to 6.57 vol.% with the increase in 
temperature. CO2 concentration increased from 4.86 vol.% to 10.86 vol.% as the increase of temperature 
from 700 oC to 900 oC. It appears that increasing the temperature from 700 oC to 800 oC promoted the 
water gas shift reaction, where more H2 and CO2 were produced. From figure 3(b), the major four gases 
yield were increased evidently with the increasing temperature of gasification especially for H2 and CO2, 
which were increased from 329.33 mL/g to 1277.23 mL/g and 28.30 mL/g to 227.77 mL/g, respectively, 
indicating that the temperature played an important role in the process of bio-slurry gasification. The 
thermal transition of bio-slurry in the process of gasification could be summarized as two steps: fast 
pyrolysis of some condensable volatile in the bio-slurry could be converted into light hydrocarbon gas 
(reaction 2) and then steam gasification occurred in the bio-char (reaction 3)[14]: Condensable volatiles 
cracking: CXHYO → H2 + CO + CO2 + CH4 + C2  (2). Steam gasification of condensable volatiles: 
CXHYO + H2O → H2 + CO  (3). High temperature contributed to the total carbon conversion and 
increased release of volatile compounds. Additionally, high temperature promoted further thermal 
cracking and provided more energy for endothermic reforming of tar[15]. Thus, high H2 concentration 
was obtained at 900 oC.   
224   Haiqing Sui et al. /  Energy Procedia  75 ( 2015 )  220 – 225 
700 800 900
0
20
40
60
80
100
 
 
P
ro
d
u
ct
 g
a
s 
co
m
p
o
si
tio
n
/ 
vo
l.%
T emperature/ 
o
C
 C H
4
   H
2
   C O    C O
2
700 800 900
0
500
1000
1500
2000
2500
 
 
P
ro
d
u
ct
 g
a
s 
yi
e
ld
/ 
m
L
 g
-1
T emperature/ 
o
C
 C O
2
 C O
 C H
4
 H
2
 
(a) gas composition (vol.%, N2 free)                                                      (b) gas yield (mL/g) 
 
Figure 3. Gas compositions from gasification of bio-slurry 
 
The gas production yields with reaction time and temperature are shown in figure 4. It showed that 
high temperature can reduce the reaction time. H2 and CH4 obtained the high yields in the first 9 minutes 
at  900 oC, however, CO and CO2 increased with the residence time after 10 minutes. Because the water-
gas shift reaction was occurred: CO reacts with H2O yielding H2 and CO2. Thus, gasification temperature 
should be increased while the reaction time should be shortened in 9 minutes by some means to obtain 
high yield of hydrogen. 
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Figure 4. Effect of reaction time on gas distribution from steam gasification of bio-slurry  
4. Conclusions 
Results in this study indicate that the bio-slurry has desirable fuel properties that meet specifications 
for gasification applications. The apparent viscosities of bio-slurry vary with bio-char content in the range 
of 0 to 20 wt.% and temperature (from 7 oC to 50 oC). Steam gasification of bio-slurry produced a high 
hydrogen yield.  
 Haiqing Sui et al. /  Energy Procedia  75 ( 2015 )  220 – 225 225
Copyright 
Authors keep full copyright over papers published in Energy Procedia 
Acknowledgments 
The present work was financially sponsored by the National Natural Science Foundation of China 
(51376075 and 51306067), and Special Fund for Agro-scientific Research in the Public Interest 
(201303095). 
References 
[1] Saxena R, Adhikari D, Goyal H. Biomass-based energy fuel through biochemical routes: A review. Renewable and Sustainable 
Energy Reviews 2009;13:167-78. 
[2] Wu H, Yu Y, Yip K. Bioslurry as a fuel. 1. Viability of a bioslurry-based bioenergy supply chain for mallee biomass in Western 
Australia. Energy & Fuels 2010;24:5652-9. 
[3] Saidur R, Abdelaziz E, Demirbas A, Hossain M, Mekhilef S. A review on biomass as a fuel for boilers. Renewable and 
Sustainable Energy Reviews 2011;15:2262-89. 
[4] Yu Y, Wu H. Bioslurry as a fuel. 2. Life-cycle energy and carbon footprints of bioslurry fuels from mallee biomass in western 
Australia. Energy & Fuels 2010;24:5660-8. 
[5] Sui H, Yang H, Shao J, Wang X, Li Y, Chen H. Fractional Condensation of Multicomponent Vapors from Pyrolysis of Cotton 
Stalk. Energy & Fuels 2014;28:5095-102. 
[6] Cong F, hua LY, Gang S. Study on Stability Measurement Method of Coal Water Mixture and Its Standard Formulation. Journal 
of clean coal technology 2002;8:20-3. 
[7] Boylu F, Dincer H, Ateşok G. Effect of coal particle size distribution, volume fraction and rank on the rheology of coal–water 
slurries. Fuel Processing Technology 2004;85:241-50. 
[8] Feng P, Hao L, Huo C, Wang Z, Lin W, Song W. Rheological behavior of coal bio-oil slurries. Energy 2014;66:744-9. 
[9] Roh NS, Shin DH, Kim DC, Kim JD. Rheological behaviour of coal-water mixtures. 1. Effects of coal type, loading and particle 
size. Fuel 1995;74:1220-5. 
[10] Aktaş Z, Woodburn ET. Effect of addition of surface active agent on the viscosity of a high concentration slurry of a low-rank 
British coal in water. Fuel Processing Technology 2000;62:1-5. 
[11] Tiwari KK, Basu SK, Bit KC, Banerjee S, Mishra KK. High-concentration coal–water slurry from Indian coals using newly 
developed additives. Fuel Processing Technology 2004;85:31-42. 
[12] Liu J, Zhao W, Zhou J, Cheng J, Zhang G, Feng Y, et al. An investigation on the rheological and sulfur-retention characteristics 
of desulfurizing coal water slurry with calcium-based additives. Fuel Processing Technology 2009;90:91-8. 
[13] Lee DW, Park SJ, Bae JS, Ra HW, Hong JC, Choi YC. Preparation and characterization of coal–water–alcohol slurry for 
efficient entrained-flow gasification. Industrial & Engineering Chemistry Research 2011;50:11059-66. 
[14] Wei L, Yang H, Li B, Wei X, Chen L, Shao J, et al. Absorption-enhanced steam gasification of biomass for hydrogen 
production: Effect of calcium oxide addition on steam gasification of pyrolytic volatiles. International Journal of Hydrogen Energy 
2014;39:15416-23. 
[15] Kaewpanha M, Guan G, Hao X, Wang Z, Kasai Y, Kusakabe K, et al. Steam co-gasification of brown seaweed and land-based 
biomass. Fuel Processing Technology 2014;120:106-12. 
 
 
Biography  
Dr. Xianhua Wang received his PhD degree (2007) from Huazhong University of Science 
and Technology (HUST), China. His research interests focus on the thermochemical 
conversion of biomass including pyrolysis and gasification. 
 
 
 
